Non-small-cell lung cancer (NSCLC) is predominant and has low 5-year relative survival rate. Therefore, the mechanisms of NSCLC tumorigenesis must be comprehensively elucidated. MicroRNA-323-3p (miR-323-3p) has been widely explored and found to exert functions in tumorigenesis of several cancer types. However, the expression pattern and biological function of miR-323-3p and the molecular mechanism underlying NSCLC development and progression remain unclear.
Background
Lung cancer is considered the most prevalent cancer with millions of new patients diagnosed every year [1, 2] . Non-small-cell lung cancer (NSCLC) accounts for a large proportion of lung cancer cases and include 2 frequent histologic forms: adenocarcinoma (ADC) and squamous cell carcinoma (SCC) [3, 4] . ADC is generally located in the distal airway, has a glandular histology, and expresses biomarkers, including thyroid transcription factor 1 and keratin 7, consistent with the origin of the distal lung cancer. SCCs are common in the proximal airway and are often associated with smoking and chronic inflammation. Immunostaining cytokeratin 5 and cyclin 6 and/or transcription factors sry-box 2 (SOX2) and p63 showed that SCCs were significantly different from ADC. Approximately 40% of newly diagnosed NSCLC cases were identified at stages III or IV [5] . Although several clinical trials have been developed and tested in patients with NSCLC, they still have poor prognosis with approximately 4-17% of 5-year overall survival rate [6, 7] . The survival rate of NSCLC is far lower than those of other prevalent cancers, such as prostate, breast, melanoma, colon, and rectal cancer, due to late diagnosis and distant metastases [8, 9] . Thus, the molecular mechanism underlying NSCLC tumorigenesis and the association between NSCLC and risk factors must be elucidated to provide insights into developing novel therapeutic targets for early diagnosis and treatment of this disease.
MicroRNAs (miRNAs) are factors that negatively regulate the expression of gene [10, 11] . By mediating gene expression, miR-NAs could play as modulators in the physiological and pathological progression of cancers [12] [13] [14] . Increasing lines of evidence revealed numerous downregulated or upregulated miRNAs obtained from various human malignancies, including NSCLC [15, 16] . These miRNAs exert functions either as tumor suppressors or promoters depending on the regulated tumor forms and their specific target genes [17] . Hence, miR-NA-based medicine can be applied as a novel and promising method for cancer diagnosis and prognosis.
MiR-323-3p is dysregulated in a variety of human cancers, including pancreatic ductal adenocarcinoma [18] and prostate cancer [19, 20] , as well as in polycystic ovary syndrome [21] , Friedreich's ataxia, and type 2 diabetes mellitus [22, 23] . However, the function of miR-323-3p in NSCLC has not been elucidated yet. In the present study, we investigated the expression level and molecular pathogenesis that govern NSCLC formation and progression of miR-323-3p in NSCLC.
Material and Methods

Plasmid construction
The transmembrane protein with EGF-like and 2 follistatin domain (TMEFF2) gene was synthesized using forward primer 5'-CGGGATCCCGATGGTGCTGTGGGAGTCCCCG-3' and reverse primer 5'-CCCTCGAGGGCTAAAGTTTGGCCCTTGTGA-3'. BamHI and XhoI restriction enzymes were used to digest the polymerase chain reaction (PCR) product. The digested PCR product was ligated to the pcDNA3.1 vector (Invitrogen, CA, USA) to generate a construct pcDNA-TMEFF2. The interference segments were directly synthesized and labeled as si-TMEFF2/si-NC.
Cell culture and treatment
Three cell lines (A549, NCI-H3255, and H1299) were obtained from the Chinese Academy of Cell resource center. Dulbecco's Modified Eagle Medium (DMEM; Hyclone, Logan, UT, USA) and fetal bovine serum (FBS; Gibco, USA) were used for cell culturation in 5.0% CO 2 at 37°C. The A549 cell line was used for the following treatment. The sequences of the hsa-miR-323-3p-related product (mimics and inhibitors) were designed and synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). For cell transfection, A549 cells were seeded at 3×10 5 cells per well in a 6-well plate and cultured for 24 hours or 48 hours. Transient transfection was carried out with lipofectamine 2000 (Invitrogen, USA) following the protocol with the final concentration of 50 nM for miR-323-3p mimics/NC or inhibitors/NC and 50 nM for TMEFF2. At 24 hours or 48 hours after the transfection, the cells were harvested for subsequent experiments: RNA isolation, western blot, and immunofluorescence assay. All experiments were carried out in triplicate.
RNA purification and qRT-PCR
Total RNA was purified from NSCLC or adjacent normal tissue samples by using TRIzol (Invitrogen). The cDNA was generated by a PrimeScript RT-PCR kit (TaKaRa, USA). PCR was achieved by SYBR Green qRT-PCR Master mix (TaKaRa, China). The internal references, namely, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 small nuclear RNA, were used for cellular gene expression and miRNA level, respectively. All amplified primer sequences are shown: TMEFF2 forward, 5'-TGCAGGATCAGGATCTGGAGATGG-3'; TMEFF2 reverse, 5'-CCTCGGCATCTTCGTCACATTCTG-3'; GAPDH forward, 5'-AATGGGCAGCCGTTAGGAAA-3'; GAPDH reverse, 5'-GCGCCCAATACGACCAAATC-3'; miR-323-3p forward, 5'-GCGCACATTACACGGTCG-3'; miR-323-3p reverse, 5'-AGTGCAGGGTCCGAGGTATT-3'; U6 forward, 5'-CTCGCTTCGGCAGCACATATACT-3'; and U6 reverse, 5'-ACGCTTCACGAATTTGCGTGTC-3'.
The amplification conditions of the reaction included the following: preparation at 95°C for 5 minutes, denaturation at 95°C for 30 seconds, annealing at 60°C for 15 seconds, extension at 72°C for 5 seconds, and extension at 72°C for 10 minutes to terminate the reaction for a total of 40 cycles. All experiments were run in triplicate for each sample. Comparative computed tomography (CT) method (2 -DD CT) was used to calculate the expression levels.
Dual-luciferase reporter
A miRNA binding site was found in the 3'UTR of TMEFF2 mRNA based on Targetscan prediction. A dual-luciferase reporter was utilized to demonstrate the binding relationship. The 3'UTR of TMEFF2 (TMEFF2-WT) and its mutant (TMEFF2-Mut) were synthesized and inserted into the psiCHECKTM-2 vector (Promega, Madison, WI, USA). A549 cells were grown and cotransfected, and relative luciferase activity was calculated (Promega, USA). All the experiments were performed independently 3 times.
Methylthiazolyl tetrazolium (MTT) assay
A549 cells in the logarithmic phase were collected, plated in 96-well plates (2000 cells/well), and incubated at 37°C for 24, 48, and 72 hours. Cell proliferation was examined using MTT assay (Sigma-Aldrich, St. Louis, MO, USA). After the cells were incubated with 20 µL of MTT solution (5 mg/mL) for 4 hours, the medium was removed. The cells were then added with 150 µL of dimethyl sulfoxide (DMSO, Sigma-Aldrich) and incubated for additional 10 minutes. Optical density (OD) was calculated at 490 nm wavelength by using a spectrophotometer. All the experiments were carried out independently for 3 times.
Colony formation assay
Population number and proliferation were examined using colony formation assay. A549 cells were digested, counted, and cultured in a 6-well plate (100 cells/well in each well). The cells were stained with 1 mL of 0.1% crystal violet (Sigma-Aldrich, MO, USA). At the end of the experiment, ³50 cells/colony were counted under a microscope. The size of the colonies was also determined. All experiments were carried out in triplicate.
Cell cycle
Propidium iodide (PI) staining was utilized. At 48 hours after transfection, A549 cells were fixed in 75% ethanol for 24 hours at 4°C. The samples were suspended in 200-500 µL of iced-cold phosphate-buffered saline (PBS) with 400 µL of PI (50 µg/mL) on the next day. The treated cells were filtered by yellow nylon nets and determined by flow cytometry. Cell cycle population was determined using ModFit software. All experiments were carried out in triplicate.
Cell apoptosis
Annexin V fluoresecinisothiocyanate (FITC) staining was applied to detect cell apoptosis. The treated cells were resuspended in 500 µL of annexin V binding buffer supplemented with 5 µL of PI and 5 µL of annexin V-FITC. The samples were examined by flow cytometry analysis, and cell cycle population was determined using FlowJo7.6 software. All experiments were carried out in triplicate.
Transwell assay
Transwell assay was used to determine migration and invasion ability. The swabs were applied to remove cells on the top. Cells on the bottom surface of the membrane were fixed with methanol and stained with 0.5% crystal violet. All experiments were carried out in triplicate.
Protein extraction and western blot analysis
The concentration of the supernatant was determined by the BCA kit (Keygen, Nanjing, China). The treated protein samples were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). Immunoreactive bands were determined by electrochemiluminescence (ECL) plus western blot detection kit (Pierce, Rockford, IL, USA). Relative protein level was standardized to the b-actin level. Antibodies employed in this study were as follows: anti-TMEFF2 (Abcam, Cambridge, MA, USA), anti-AKT, anti-Erk1/2, anti-p-AKT (Ser473), anti-p-Erk1/2 (Cell Signaling Technology, Danvers, MA, USA), and anti-b-actin (Sigma-Aldrich). All experiments were carried out in triplicate.
Statistical analysis
Data were analyzed using GraphPad Prism (San Diego, CA, USA) and reported as mean ± standard deviation (SD). Statistical significance was evaluated with 2-tailed Student's t-test between 2 groups. P<0.05 was considered statistically significant.
Results
Upregulated miR-323-3p and downregulated TMEFF2 in NSCLC
To explore the role of miR323-3p and TMEFF2 in NSCLC, we measured the level of miR-323-3p and TMEFF2 in 3 NSCLC cell lines (A549, NCI-H3255, and H1299). Compared with that in the BEAS-2B cell line, miR-323-3p was remarkably upregulated ( Figure 1A ) and TMEFF2 was significantly downregulated ( Figure 1B) in the 3 NSCLC cell lines. Here, the A549 cell line was selected for further experiments.
MiR-323-3p regulates the proliferation and apoptosis of A549 cells
In A549 cells, miR-323-3p was upregulated in the mimics group (Figure 2A) but downregulated in the group transfected with inhibitor ( Figure 2A ). We then determined the effects of miR-323-3p on A549 cell proliferation by MTT and colony formation assays. According to the MTT assay, the proliferation rate of A549 cells significantly increased in the miR-323-3p mimics group at 24-72 hours but decreased in the inhibitor group ( Figure 2B ). This result is consistent with the colony formation assay, which indicated that miR-323-3p promotes the proliferation of A549 cells transfected with miR-323-3p mimics ( Figure 2C ). We also investigated the role of miR-323-3p on A549 cell cycle and apoptosis by flow cytometry analysis. Relative to the NC group, A549 cells induced the proportion of G1 phase in the miR-323-3p mimics group and fewer cells were arrested in the G1 phase in the inhibitor group ( Figure 2D ). The apoptotic rate of A549 cells in the miR-323-3p mimics group was markedly suppressed but was elevated significantly in the inhibitor group ( Figure 2E ). Hence, miR-323-3p promoted the proliferation and suppressed the apoptosis of A549 cells.
TMEFF2 is a direct target of miR-323-3p
Bioinformatics tool was utilized to analysis the target genes of miR-323-3p. As shown in Figure 3A , TMEFF2 was selected for further target validation among candidate genes. The TMEFF2-WT 3'-UTR had the binding region of miR-323-3p, while TEMFF2-Mut 3'-UTR missed it. A549 cells were cotransfected with TMEFF2-WT or TMEFF2-Mut construct as well as miR-323-3p mimics or miR-NC. The results revealed that miR-323-3p markedly inhibited the luciferase activities to approximately 50% in the wild-type 3'-UTR of TMEFF2. By contrast, miR-323-3p did not significantly affect the activity in the mutated 3'-UTR of TMEFF2 ( Figure 3A ). In addition, the effect of miR-323-3p on TMEFF2 protein level was detected by western blot analysis in A549 cells. Overexpression of miR-323-3p significantly prohibited the expression of TMEFF2, while miR-323-3p knockdown markedly promoted it ( Figure 3B) . These results demonstrated that miR-323-3p directly aimed the 3'-UTR of TMEFF2 and inhibited it in A549 cells. TMEFF2 influences the proliferation, apoptosis, migration, and invasion of A549 cells A549 cells were transfected with pcDNA-TMEFF2, pcDNA vector, si-TMEFF2, or si-NC. TMEFF2 protein level was determined by western blot analysis. The transfection with pcDNA-TMEFF2 significantly increased TMEFF2 expression compared with that in cells transfected with the vector (Figure 4A ). Silencing TMEFF2 markedly decreased its expression compared with the control group. A549 cells were dose-dependently treated for 24, 48, 72, and 96 hours to evaluate cell proliferation. The results showed that ox-TMEFF2 markedly inhibited cell proliferation, and the knockdown of TMEFF2 significantly promoted it at 72 hours ( Figure 4B ). Importantly, overexpression of TMEFF2 led to a more obvious apoptosis cell ratio than the control group in the flow cytometry analysis ( Figure 4C ). By contrast, the knockdown of TMEFF2 markedly suppressed cell apoptosis. The Transwell assay results displayed that TMEFF2 markedly suppressed the migration and invasion of A549 cells (Figure 4D, 4E) . These findings suggested that TMEFF2 might be a tumor suppressor in NSCLC cell growth and metastasis.
MiR-323-3p and TMEFF2 influence AKT and ERK signaling
AKT and ERK signaling often play critical roles in the control of cell survival, proliferation, differentiation, metabolism, and motility and are frequently activated during tumor progression. TMEFF2 regulates the activity of Ras/Raf/MEK/ERK and PI3K/ Akt signaling pathways. To reveal the molecular mechanisms of miR-323-3p and TMEFF2 on NSCLC cells, we examined the potential effect of this miRNA and its target on some important signaling pathways by western blot analysis. The transfection with miR-323-3p mimics or si-TMEFF2 significantly downregulated the phosphorylation level of AKT and ERK1/2 without changing the total AKT and ERK expression, suggesting that AKT and ERK signaling pathways were suppressed ( Figure 5 ). By contract, A549 cells transfected with miR-323-3p inhibitor or pcDNA-TMEFF2 possessed remarkably upregulated phosphorylation levels of AKT and ERK1/2 ( Figure 5 ). Thus, these results suggested that miR-323-3p and TMEFF2 could mediate AKT and ERK signaling pathways.
TMEFF2 was responsible for the influence of miR-323-3p
Rescue experiments were performed to estimate whether TMEFF2 was responsible for the function of miR-323-3p in NSCLC. The increased TMEFF2 expression significantly reversed the influence of miR-323-3p mimics on the proliferation ( Figure 6A ), cell cycle ( Figure 6B ), and apoptosis ( Figure 6C ) of A549 cells. The decreased expression of TMEFF2 markedly alleviated the inhibitory role of the miR-323-3p inhibitor on cell progression (Figure 7) . These findings showed that miR-323-3p and TMEFF2 exerted a critical role in NSCLC pathological process and acted as two regulating targets during tumorigenesis.
Discussion
In recent years, the number of patients with NSCLC increases every year; NSCLC is typically diagnosed at late stages, has distant metastasis, and has lower survival rate than prostate cancer, breast cancer, melanoma, colon cancer, and rectal cancer [8, 9] . NSCLC has poor prognosis, accounting for 4-17% of the 5-year overall survival rate [6, 7] , and is thus a serious threat to human health. In this regard, the molecular mechanism underlying NSCLC tumorigenesis and the association between NSCLC and their risk factors must be comprehensively investigated to provide insights into developing novel therapeutic targets for early diagnosis and treatment of this disease.
Increasing lines of evidence indicate that miRNAs function as a critical modulator in the tumorigenesis of various human cancers, including NSCLC [24] [25] [26] [27] . The abnormal expression of miRNAs in NSCLC might contribute to tumor occurrence and development by acting as a crucial positive or negative regulator [28] . Previous report discovered that the level of miR-323-3p was significantly induced in prostate cancer, IL-22-and IL-17-positive T cells, and cardiomyopathy [19, 22, 29] . These results revealed that miR-323-3p could be a critical prognostic modulator in tumorigenesis.
A critical finding in this study is the high levels of miR-323-3p in NSCLC cells. Experiments that manipulated miR-323-3p in A549 cells showed that decreasing miR-323-3p expression promoted cell proliferation, induced cell cycle G1 arrest, and inhibited apoptosis. Through target gene prediction based on bioinformatics and whole genome microarray analyses, we showed that TMEFF2 gene is a downstream target of miR-323-3p. TMEFF2 has been identified as a single-pass type I transmembrane protein, and its methylation has been considered as a suppressor in cancer cells, such as NSCLC [30] , gastric cancer [31] , colorectal cancer [32] , renal cell carcinoma [33] , and prostate cancer [34] . We also showed that the expression of TMEFF2 was inhibited at the mRNA and protein levels by overexpressing miR-323-3p, and silencing miR-323-3p had the opposite effect. Furthermore, overexpression of TMEFF2 reversed the oncogenic effects induced by miR-323-3p. Experiments in the patient samples showed lower TMEFF2 levels in patients with NSCLC than in the control group. These findings suggest that miR-323-3p promotes cell proliferation, apoptosis, migration, and invasion, at least in part by targeting TMEFF2. The luciferase reporter assay system further demonstrated that miR-323-3p could be a direct target of the mammalian gene TMEFF2 and markedly suppressed its expression.
We further explored the mechanism underlying miR-323-3p promotion of the proliferation and apoptosis of NSCLC cells. Previous studies also reported that AKT and ERK signaling pathways often play critical roles in controlling cell survival, proliferation, differentiation, metabolism, and motility and are frequently activated during tumor progression [35, 38] . TMEFF2 activated the AKT and ERK signaling to exert biological functions in the progression of prostate cancer [39] . In this study, overexpression of miR-323-3p or knockdown of TMEFF2 led to a reduction in p-AKT and p-ERK, which suggested that miR-323-3p inhibited AKT/ ERK signaling by directly downregulating TMEFF2 expression.
Conclusions
Our findings provide concrete evidence that aberrant expression of miR-323-3p is related to NSCLC development through direct inhibition of TMEFF2 expression. MiR-323-3p can promote NSCLC progression by enhancing cell proliferation, cycle, and apoptosis due to the inhibition of downstream TMEFF2 were detected in NSCLC cells transfected with inhibitor NC, miR-323-3p inhibitor, miR-323-3p inhibitor with si-NC, or miR-323-3p inhibitor with si-TMEFF2. All the results were reported as mean±standard deviation (SD) (n=3). * P<0.05, ** P<0.01 and *** P<0.001. miR-323-3p -microRNA-323-3p; TMEFF2 -transmembrane protein with EGF-like and 2 follistatin domain; NSCLC -non-small-cell lung cancer. and AKT/ERK signaling. Thus, the distribution of miR-323-3p in different histological subtypes might provide novel and promising insights into future therapies for human cancers.
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